Activity-dependent changes in neurons of the rat superficial dorsal horn are crucial for the induction and maintenance of neuropathic and inflammatory pain states. To identify the molecular mechanisms underlying this sensitization of superficial dorsal horn neurons, we undertook a genome-wide microarray profiling of dorsal horn gene transcripts at various times after induction of peripheral inflammation of the rat ankle joint. At early time points, upregulation of gene expression dominated, but by 7 d, downregulation was predominant. Two to 24 h after inflammation, we identified a small number of highly upregulated transcripts previously shown to be repressed by the Methyl-CpG-binding protein 2 (MeCP2), including serum-and glucocorticoid-inducible kinase (SGK1) and FK 506 binding protein 5, genes known to be important in experience-dependent plasticity. A decrease in expression of SIN3A, a corepressor in the MeCP2 silencing complex, was also found after inflammation. Phosphorylation of MeCP2 regulates activity-dependent gene transcription, and crucially we found that MeCP2 was phosphorylated in lamina I projection neurons 1 h after induction of peripheral inflammation. Lamina I projection neurons have been shown to be essential for the development of most pain states. SGK1 protein was also localized, in part, to lamina I projection neurons, and its expression in the superficial dorsal horn increased after inflammation. Furthermore, antisense knock-down of SGK1 delayed the onset of inflammatory hyperalgesia by 24 h at least. Our results uncover an unexpected complexity in the regulation of gene expression, including the modulation of transcriptional repression, that accompanies development and maintenance of an inflammatory pain state.
Introduction
Peripheral inflammation of the skin or joints leads to enhanced pain sensitivity, which follows the establishment of long-term changes in synaptic efficacy between primary afferents and dorsal horn neurons and activation of ascending projections to the brainstem that engage descending pathways terminating within the dorsal horn (Woolf, 1983; Hunt and Mantyh, 2001; Khasabov et al., 2002; Suzuki et al., 2002) . The key dorsal horn neurons in this process have been shown to be the lamina I projection neurons that express the NK1 (substance P-preferring) receptor, are primarily nociceptive (Torsney and MacDermott, 2006) and project to the brainstem (Todd, 2002; Todd et al., 2002) . Selective ablation of these neurons with saporin-substance P (SP-SAP) conjugates prevents the induction and maintenance of inflammatory and neuropathic pain states implying that these neurons are essential for the initiation and perhaps maintenance of many pain conditions (Nichols et al., 1999) .
Recent studies have identified two populations of lamina I/NK1-positive neurons that support long-term potentiation (LTP), a form of central sensitization, after either low-or highfrequency high-threshold stimulation and proposed that this "synaptic amplification" contributes significantly to the appearance of increased pain sensitivity (Ikeda et al., 2003 (Ikeda et al., , 2006 . It has also been shown that, at least in deeper dorsal horn neurons, the appearance of LTP-like events after high-threshold stimulation of primary afferents is critically dependant on intact lamina I projection neurons, and LTP is not induced if these lamina I neurons have been ablated with SP-SAP conjugates (Rygh et al., 2006) . Crucially, noxious stimulation of the hindpaw was also shown to generate LTP within lamina I, suggesting that LTP-like changes in the dorsal horn may be a necessary requirement for the generation of pain states (Ikeda et al., 2006; Klein et al., 2006) . This compelling correlation is also supported by evidence from numerous molecular and pharmacological studies demonstrating that reduced central sensitization in the dorsal horn generally equates with attenuated pain behavior (Millan, 1999; Ji et al., 2003; Garry and Fleetwood-Walker, 2004) .
It is now well established that long-term changes in synaptic efficacy requires macromolecular synthesis (Bailey et al., 1996; Pittenger and Kandel, 1998; Martin et al., 2000) . Therefore, an analysis of changes in gene expression in lamina I neurons and more generally in dorsal horn neurons could lead to the identification of novel molecules important for the induction and maintenance of pain states, many of which have proved difficult to manage clinically (Bennett et al., 2007) .
In this study, we analyzed dorsal horn gene expression after sensitization of joint afferents that have been shown to preferentially terminate within lamina I and activate lamina I-NKIpositive neurons (Neugebauer et al., 1994; Doyle and Hunt, 1999) . We report that some early changes in gene expression that support pain behavior are associated with the activation of the gene repressor Methyl-CpG-binding protein 2 (MeCP2), a gene previously identified as mutated in Rett disease and implicated in the development of synaptic plasticity in the human brain.
Materials and Methods
Animal preparation. All procedures complied with the United Kingdom Animals (Scientific Procedures) Act 1986. Experiments were performed on male Sprague Dawley rats (200 -230 g body weight at the beginning of each experiment) from the colony at UCL. Animals were kept in their home cage at 21°C and 55% relative humidity with a 12 h light/dark cycle (lights on at 8:00 A.M.) and were fed food and water ad libitum. All efforts were made to minimize animal suffering and to reduce the number of animals used. Inflammation was induced by injection of Complete Freund's Adjuvant (CFA; 10 l) (Sigma, Poole, UK) in the left ankle joint, under halothane anesthesia induced in a closed chamber delivering 5% halothane combined with 100% O 2 at 2 L/min and maintained during the injection by the delivery (via a face mask) of 1.5-2% halothane combined with 100% O 2 (1 L/min). The needle entered the ankle joint from the anterior and lateral positions, with the ankle kept in plantaflexion to open the joint. Sham treatment consisted of anesthetizing the animals and breaking the joint capsule with a needle as for an injection.
Behavioral assay. To assess the pain after the development of inflammation, response to a mechanical stimulus was measured with the Automatic Von Frey apparatus or the Analgesy-Meter (Randall-Selitto test), both from Ugo-Basile (Comerio, Italy). Pain threshold was only assessed with one test, according to the experiment. In both cases, animals were left to habituate to the experimental room in their home cage for 15 min before the beginning of each testing session. Each animal was tested four times with a resting time of 10 min between each measurement. For the automatic Von Frey, the ramp was set for the maximum stimulus (50 g) to be reached in 20 s. For the Randall-Selitto test, no extra discs were added to the basic settings of the apparatus, and paw withdrawal (not vocalization) was taken as a measure of pain threshold.
Tissue collection and RNA preparation. For tissue collection, animals were terminally anesthetized with CO 2 at 2 h, 6 h, 24 h, or 7 d after sham surgery or CFA injections, or naive. The spinal cord segment corresponding to the lumbar area was rapidly removed, and the ipsilateral dorsal horn quadrant L4 -L6 was dissected out and frozen on dry ice. Samples were then stored at Ϫ80°C until further processing. Total RNA was extracted from homogenized dorsal quadrant pooled from distinct animals [three for the microarray study and two for the real time quantitative PCR (RT-qPCR) experiments] using an acid phenol extraction method (TRIzol reagent, RNeasy mini-columns; Qiagen, Crawley, UK). RNA concentration was calculated from the A 260 value given by the Nanodrop (Labtech International, Ringmer, UK), and the quality of the samples was assessed with the 2100 Bioanalyser (Agilent Technologies, Santa Clara, CA). All samples showing satisfactory quality were used for RT-qPCR or the preparation of probes according to the Affymetrix protocol (see GeneChip Expression Analysis Technical Manual, available at Affymetrix website). Probes were hybridized onto Affymetrix Rat Genome 230 2.0 GeneChip (31042 probe sets), with three biological replicates for each of the five time points of the study (total of 45 animals used for the microarray study).
Microarray analysis. Microarrays were scanned with GeneChip Scanner 3000 (Affymetrix) and DAT files (raw image data) were converted into CEL files (probe levels data) with GeneChip Operating Software (Affymetrix). CEL files were analyzed under R, a language and environment for statistical computing, using Bioconductor, an open source software for bioinformatics (Gentleman et al., 2004) . After quality control assessment, Limma statistical testing (Smyth, 2004) was applied. We generated four lists of genes by ranking genes by p value for each of the four comparisons: naive versus 2 h, 6 h, 24 h, and 7 d. We selected for additional study the genes of the top 100 of each list, which had a foldchange compared with naive Ͼ1.3 (see Results for more details). Annotated genes were classified in functional and biological families using GenMAPP (Gladstone Institutes, San Francisco, CA) (Dahlquist et al., 2002) and MAPPfinder (Gladstone Institutes) (Doniger et al., 2003) .
RT reverse transcriptase PCR assay. Tissue preparation and RNA extraction were as described above. RNA samples were treated with DNase I (Qiagen). Equal amounts (3 g) of total RNA were reversed transcribed using random nonamers (Sigma), oligo(dT) 15 primers (Promega, Madison, WI), and Superscript TM III RT (Invitrogen, Carlsbad, CA), 1 h at 50°C in a total reaction volume of 20 l. cDNAs were immediately quantified by RT PCR or kept at Ϫ20°C until additional experiments. Realtime PCRs were performed with DNA Engine (Bio-Rad, Hercules, CA) using QuantiTect SYBR Green RT-PCR Master Mix (Qiagen) with each gene-specific primers (see Table 1 for primers sequences). One microliter of cDNA was amplified in a three-step cycling program in a final reaction volume of 25 l. Control cDNA samples (obtained without transcriptase) were always included, as well as samples without any cDNA template. Efficiencies of PCR were calculated for each gene using serial dilution. Reactions were performed in triplicate for five biological replicates, and threshold cycle values were normalized to ␤-actin gene expression. The specificity of the products was determined by melting curve analysis, and their correct sizes were analyzed by electrophoresis. The ratio of the relative expression of target genes to ␤-actin was calculated by using the 2 ⌬CT formula. Stereotaxic injections. For stereotaxic injections, anesthesia was induced in a closed chamber delivering 5% halothane combined with 100% O 2 at 2 L/min. The rats were placed in a Kopf stereotaxic frame and anesthesia maintained by the delivery (via a face mask) of 1.5-2% halothane combined with 100% O 2 (1 L/min). A small incision was made in the scalp to expose the skull and reveal bregma. After craniotomy, animals received an injection of Fluorogold (4%, 300 nl; Fluorochrome, Englewood, NJ) into the parabrachial area (mm: anteroposterior, Ϫ9.2, mediolateral Ϯ 1.7, dorsoventral, Ϫ6.4, both sides) (Paxinos et al., 1985) delivered by a Hamilton syringe of a total volume of 2.5 l. Rats were allowed to recover from anesthesia in an incubation chamber and then transferred back to their home cage for 3 d. On the third day after surgery, 
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When possible, primers targeted the area of the gene sequence used by Affymetrix to design the probes hybridized onto the microarray. F, Forward primes; R, reverse primes.
rats were perfused or received an injection of CFA in the ankle joint, as described above, and were perfused 1 h later.
Immunohistochemistry. For immunohistochemistry, rats were deeply anesthetized with pentobarbital at 1 h or 24 h after CFA injection or naive and perfused transcardially with saline containing 5000 IU/ml heparin followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; 250 ml per adult rat). Lumbar spinal cord was dissected out, postfixed in the same PFA solution for 2 h, and transferred into a 30% sucrose solution in PB containing 0.01% azide at 4°C, for a minimum of 24 h. Spinal cords were cut on a freezing microtome set at 40 m. Sections were left to incubate with primary antibodies for 48 h at 4°C [prodynorphin (PDYN), 1:50,000, Chemicon, Temecula, CA; FK 506 binding protein 5 (FKBP5), 1:50,000, Santa Cruz Biotechnology, Santa Cruz, CA; serumand glucocorticoid-inducible kinase (SGK1), 1:10,000, MeCP2, 1:20,000, and SIN3A, 1:10,000, Upstate Biotechnology, Lake Placid, NY; phosphorylated MeCP2 (P-MeCP2; S421), 1:10,000, a gift from Zhaolan (Joe) Zhou and Michael Greenberg Children's Hospital, Boston, MA]. Appropriate biotinylated secondary antibodies were used at a concentration of 1:400 and left on for 90 min. Samples were then incubated with avidin biotin complex (ABC Elite; 1:250 Vectastain A plus 1:250 Vectastain B; Vector Laboratories, Burlingame, CA) for 30 min followed by a signal amplification step with biotinylated tyramide solution (1:75 for 7 min; PerkinElmer, Wellesley, MA). Finally, sections were incubated with FITC avidin for another 2 h (1:600). For the double labeling with Fluorogold antibody, we used an antibody directed at Fluorogold (Fluorochrome). Sections stained for SGK1, FKBP5, SIN3A, MeCP2, or P-MeCP2 were left overnight at room temperature in a solution of Fluorogold antibody (1:25,000). Direct secondary was used at a concentration of 1:500 (antirabbit Alexa 594). All sections were coverslipped with Gel Mount Aqueous Mounting Medium (Sigma) to protect the fluorescence from fading and stored in dark boxes at 4°C. In the antisense experiment, to test for antisense and missense oligos toxicity, spinal cord sections were stained with NeuN (a specific neuronal marker) and Hoescht's staining. Controls for immunohistochemistry included omitting the first or second primary antibodies.
Western blots. Fresh tissue was collected as described above (see Tissue collection and RNA preparation) and kept at Ϫ80°C until processing. One superficial dorsal horn quadrant of the lumbar area (L4 -L6) was homogenized in 250 l of lysis buffer [1% NP-40, 20 mM HEPES, pH 7.4, 100 mM NaCl, 100 mM NaF, 1 mM Na 3 VO 4 , 5 mM EDTA with 1ϫ protease inhibitor mixture; 1 ϫ phosphatase inhibitor cocktail I and II (Sigma)] and incubated for 2 h on ice. Samples were then centrifuged at 13,000 rpm for 15 min, and supernatants were collected. Total protein concentration was assessed using a bicinchoninic acid protein assay kit (Pierce, Rockford, IL). Samples were run on 8% SDS-PAGE (Bio-Rad) with a loading of 10 g of proteins per well. Proteins were transferred onto a polyvinylidene fluoride membrane (Bio-Rad). Membranes were blocked in 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20 (Sigma), and 0.24% I-Block (Tropix, Bedford, MA) and incubated with SGK1 antibody (1:1000; overnight at 4°C), FKBP (1:200; overnight at 4°C), or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:2000; 2 h room temperature; Chemicon, Chandlers Ford, UK). An appropriate HRP-conjugated secondary antibody was incubated for 45 min (1:2000). HRP activity was visualized by applying a chemiluminescent substrate (ECL; GE Healthcare, Arlington Heights, IL) and using Chemi Doc XRS from Bio-Rad. Signal intensity was measured using Quantity One software (Bio-Rad). The measure of the SGK1 and FKBP5 signal was normalized with the intensity of the GAPDH signal. The mean of this value for control (naive) animals was arbitrarily set to 100%.
Antisense experiment. The 19-base antisense oligodeoxynucleotide was designed according to the sequence of the rat SGK1 (NM_019232) and was targeted around the translation initiation site (nucleotides 108 -126 or -3 to ϩ15). The sequence was as follows: 5Ј-CCATTCCCC-TCATTCTG*G*A-3Ј. The mismatch probe was a scramble of the antisense: 5Ј-CAGCCTTTCCTACAGCT*C*T-3Ј. Both oligonucleotides were endcapped with phosphorothioate linkages (at the positions marked by an asterisk) and synthesized by Eurogentec (Seraing, Belgium). None of these probes shows complementing ability to any known sequences according to the GenBank database. Probes were dissolved in 0.9% saline at a concentration of 0.25 g/l. For continuous delivery of the oligonucleotides and saline, we used osmotic minipumps (model 2001; Alzet, Cupertino, CA) with a reservoir of 200 l and a fluid delivery rate of 1 l/h. On the day before surgery, minipumps were filled with antisense solution, missense solution, or saline under sterile conditions. A silicone cannula [in mm: 0.635 inner diameter (ID) to 1.2 outer diameter (OD); Biopure, Southampton, UK] of 1 cm was then attached to the pump, and the pump plus cannula were immersed in 0.9% saline and kept at 37°C overnight. On the day of the surgery, rats (200 g) were anesthetized in a closed chamber delivering 5% halothane combined with 95% O 2 at 2 L/min. Anesthesia was maintained during the surgery by the delivery (via a face mask) of 1.5-2% halothane combined with 95% O 2 (1 L/min). The method chosen for catheter insertion was based on that described by Storkson et al. (1996) , which is a quick and relatively noninvasive method. A small incision was made in the skin 10 -15 mm caudal to a line between the ventral iliac spines. A needle, used as guide cannula (20 gauge), was inserted through the incision, directed cranially, and advanced 3-5 mm into the narrow space between L5 and L6 vertebrae. Before surgery, catheters (10 cm long; in mm: 0.28 ID to 0.61 OD; polythene tubing, Portex Fine Bore) were immersed in hot water and stretched at one end to reduce the diameter by ϳ60%. A sterile catheter was introduced inside the needle and threaded along the spinal cord for 3 cm, sitting in the intrathecal space. Usually, a tail or paw flick confirmed the correct placement of the catheter. The needle was then carefully removed, avoiding displacement of the catheter. The catheter was fixed to the silicone cannula linked to the minipumps with cyanoacrylic glue. When the glue was dry, the pump was implanted subcutaneously into a pocket formed by separating connective tissues on the flank of the rat. The incision was closed with skin suture clips. After recovery, animals were monitored for signs of body weight loss and motor dysfunction. For successful implantations (Ͼ70% of rats), behavioral testing resumed 48 h after surgery, when animals received an injection of CFA in the ankle joint, as described above. The experimenter did not know which treatment was administered to which animals. Seven days after pump implantation, animals were perfused and checked for catheter placement, and tissue was taken for immunohistochemistry.
Data analysis. For the behavioral experiments, statistical analysis was performed on the raw or normalized data (mean of the control values set arbitrarily at 100%). The significance of any differences in sensitivity was assessed using repeated-measures two-way or one-way ANOVA (SPSS PC ϩ ; SPSS, Chicago, IL), as appropriate. In all cases, a significant effect on the main factor(s), or interactions between them, was taken as the criterion for progressing to ( post hoc) one-way ANOVA. In all cases, 'time' was treated as 'within subjects' factor and 'treatment' was treated as a between subjects factor. Comparisons of changes in different groups of rats were performed on time-matched samples. When appropriate, the Greenhouse-Geisser correction was applied to correct for any violation of sphericity of the variance-covariance matrix.
For RT-qPCR, normalized signals (ratio of the relative expression of target genes to ␤-actin calculated by using the 2 ⌬CT formula) were compared at different time points by Student's t test or multivariate analysis followed by appropriate post hoc tests (Tukey's), as appropriate (n ϭ 4/5 in each group).
Upregulation of PDYN and SGK1, 24 h after injection of CFA, increase in P-MeCP2 1 h after CFA, as well as SGK1 downregulation after antisense administration were quantified by immunohistochemistry. For upregulation, immunopositive cells were counted in different areas of the dorsal horn of naive and CFA-injected animals (ipsilateral and contralateral, 24 h after injection; in each group, n ϭ 3 for PDYN and n ϭ 4 for SGK1). Data were analyzed by general linear model multivariate test, followed by appropriate post hoc tests (SPSS PC ϩ ) or Student's t test, as appropriate. In the SGK1 antisense experiment, immunopositive cells were counted exclusively in lamina I and compared between antisense, missense, and saline-perfused animals. When a multivariate test was applied, there was no difference between the saline-and missense-treated animals, and therefore, both of these treatment groups were pooled and compared with the antisense treatment by Student's t test (n ϭ 4/6).
For Western blots, normalized SGK1 and FKBP5 signals were compared in naive (control) and treated animals by a Student's t test. Two comparisons were made: naive versus 24 h ipsilateral and naive versus 24 h contralateral (last comparison only for SGK1; n ϭ 4 in each group).
For all statistical analysis, statistical significance was set at p Ͻ 0.05.
Results

Behavioral validation of the model
Injection of CFA in the rat ankle joint induced very rapid reduction in pain threshold. There was a significant reduction in pain threshold from 2 h after injection (Fig. 1 A) (F (1,14) ϭ 6.475; p Ͻ 0.05, cf. naive; n ϭ 8). Maximum sensitivity was reached at 6 h after injection and maintained for at least 7 d (Fig. 1 A) . Automatic Von Frey testing did not reveal any change in threshold in the contralateral side. When sensitivity thresholds were measured in sham animals, we saw no changes over a 7 d period (data not shown).
Microarray analysis
Microarrays were run for samples of spinal cord dissected at 0 h (naive ϭ control), 2 h, 6 h, 24 h, and 7 d after CFA injections. When we applied limma testing to calculate the adjusted p values, which correct p values for false positives, we did not find any significant difference, as has also been found by others after microarray analysis of neuropathic rats tissue (Costigan et al., 2002) . Therefore, genes were ranked by p value for each of the four comparisons: naive versus 2 h, 6 h, 24 h, and 7 d. Genes among the top 100 of each list and with an absolute fold-change compared with naive Ͼ1.3 were selected for additional study. We selected this arbitrary cutoff fold-change in an attempt to reduce false positives. Annotated genes were then classified into functional and biological families such as "regulation of transcription" and "cell-cell signaling" (Fig. 1 B) (supplemental Table 1 , available at www.jneurosci.org as supplemental material). The proportion of upregulated and downregulated genes differed greatly between the early time points of the experiment and the latest time point (i.e., 7 d) (Fig. 1 B) . Specifically, there was predominantly downregulation of gene expression at 7 d compared with any other time point. Also, only very few genes were significantly differentially expressed when compared with control at more than one time point (Fig. 1 B, symbols) (e.g., nuclear factor, interleukin 3 regulated was upregulated at 2 h, 6 h, and 24 h after CFA injection when compared with naive).
PDYN mRNA and protein increase in the dorsal horn 24 h after CFA injection
After statistical analysis, the three genes with the greatest foldchange increase within 24 h of CFA injection were PDYN, SGK1, and FKBP5. Previous studies have already implicated PDYN in the maintenance of persistent pain states (Millan et al., 1988; Wang et al., 2001 ). We therefore confirmed by RT-qPCR and immunohistochemistry the increase in PDYN mRNA and protein as a validation of our microarray analysis. Microarray analysis revealed that PDYN was highly regulated with a maximum upregulation seen 24 h after injection (2.0-fold increase) (supplemental Table 1 , available at www.jneurosci.org as supplemental material) (Fig. 2 A) . RT-qPCR confirmed the increase in PDYN mRNA showing a 1.5-fold increase in the ipsilateral side 24 h after CFA injection ( p Ͻ 0.05, cf. naive) (Fig.  2 A) . Results obtained by immunohistochemistry also showed a 2.2-fold change increase in the number of PDYN expressing cells on the ipsilateral side in lamina IϩII ( p Ͻ 0.001, cf. contralateral side) and a 21.5-fold change increase in lamina III to V ( p Ͻ 0.001, cf. contralateral side) (Fig. 2 B-F ). There were no differences in sham animals when comparing the ipsilateral side to the Maximum sensitivity was reached 6 h after injection and maintained for at least 7 d. No reduction in pain threshold was detected in the contralateral side (***p Ͻ 0.001, *p Ͻ 0.05, cf. naive; n ϭ 8 in each group). Data show mean Ϯ SEM (SEM). B, Distribution and functional breakdown of genes regulated after CFA injection. Limma statistical testing (Smyth, 2004) was applied. Four lists of genes were generated by ranking genes by decreasing the p value for each of the four comparisons: naive versus 2 h, 6 h, 24 h, and 7 d. We selected, for additional study, the genes among the top 100 of each list, which had an absolute fold-change compared with naive Ͼ1.3 and were annotated. The complete gene list is shown in supplemental Table 1 (available at www.jneurosci.org as supplemental material). Symbols represent the same genes present at more than one time point in the data sets.
contralateral side and naive (data not shown). Ten to 15 sections were analyzed for three animals for each treatment.
Genes associated with MeCP2 repression are regulated in the dorsal horn after joint inflammation
The most striking finding after microarray analysis was the presence, 2-24 h after inflammation, of a small number of highly regulated transcripts, the expression of which has been shown previously to be regulated after the genetic deletion of the transcriptional repressor MeCP2 (Nuber et al., 2005) . These included SGK1, which has been linked previous to LTP in the hippocampus and learning and memory, FKBP5 and the sulfotransferase family 1A, phenol-preferring, member 1 (SULT1A1) (fold-changes of 3.2, 3.0, and 1.5, respectively) (supplemental Table 1 , available at www.jneurosci.org as supplemental material). Moreover, microarray results also suggested that the expression of the transcriptional regulator SIN3A, a corepressor in the MeCP2 complex, was downregulated after CFA injection (1.5-fold change) (supplemental Table 1 , available at www. jneurosci.org as supplemental material). The Ubiquitin protein ligase E3A (UbE3A), which has been linked to MeCP2, was also one of the short listed genes following statistical analysis (supplement Table 1 , available at www.jneurosci.org as supplemental material). We used RT-qPCR to validate the increase in message of all of the genes selected after statistical analysis that were linked to MeCP2 translational repression (Fig. 3A) . For this, we used the results obtained after microarray analysis (supplemental Table 1 , available at www. jneurosci.org as supplemental material) as a guide to the appropriate time points to be explored. However, given the limited sensitivity of microarrays (Costigan et al., 2002) , RT-qPCR validations were generally made at more than one time point to determine maximum change of gene expression.
Compared with naive animals, we found a twofold increase of SGK1 expression 6 h after CFA (effect of time in the multivariate analysis: F (3,15) ϭ 3.68; p Ͻ 0.05), a 1.3-fold increase of FKBP5 expression 2 h after CFA (Student's t test; p Ͻ 0.01), a 1.5-fold increase of SULT1A1 expression 6 h after CFA (F (2,9) ϭ 5.23; p Ͻ 0.05), a 2.2-fold decrease of SIN3A expression 6 h after CFA (F (2,12) ϭ 7.95; p Ͻ 0.01), and a 1.4-fold decrease of UbE3A expression 6 h after CFA (F (2,12) ϭ 4.45; p Ͻ 0.05).
Three of these genes have been shown to be glucocorticoids-regulated (SGK1, FKBP5, and SULT1A1). Therefore, to confirm that the changes in expression observed in this study were not induced by stress, we compared gene expression between CFA-treated animals and sham animals at the time point of maximum regulation for each of the validated genes. When comparing to sham animals at 2 h, we found a 1.3-fold increase of FKBP5 expression ( p Ͻ 0.05). At 6 h, there was a 4.4-fold increase of SGK1 expression ( p Ͻ 0.01), a 2.5-fold increase of SULT1A1 expression ( p Ͻ 0.05), a 2.3 fold decrease of SIN3A expression ( p Ͻ 0.001), and a 1.3-fold decrease of UbE3A expression ( p Ͻ 0.05).
From this analysis, we designed experiments to investigate the distribution of SGK1, MeCP2, and other genes known to be repressed by MeCP2, in specific populations of dorsal horn neurons. We also assessed the contribution of SGK1 to the induction and maintenance of inflammatory pain behaviors.
Genes associated with MeCP2 repression are present in a subpopulation of lamina I projections neurons
Staining of spinal cord sections of naive animals for SGK1, FKBP5, and SIN3A confirmed the presence of these proteins in a high proportion of neurons within the superficial dorsal horn. Double staining for MeCP2 and NeuN showed that MeCP2 was expressed by all dorsal horn neurons. To explore whether these proteins were expressed in lamina I projection neurons, animals received an injection of retrograde tracer Fluorogold into the parabrachial area and were killed and perfused 3 d after the injection. We found that SGK1, FKBP5, SIN3A, and, as expected, MeCP2 were all expressed in lamina I projections neurons (Fig. 3B-E) . In particular, we counted the number of cells in the superficial dorsal horn labeled for SGK1 and Fluorogold. In lamina I, 6.4 Ϯ 0.4 neurons were labeled with Fluorogold antibody per half spinal cord section, and 56 Ϯ 3% of these expressed SGK1 (5-10 sections were analyzed for three animals).
Increase in SGK1 and FKBP5 protein in dorsal horn after joint inflammation
Using Western blot analysis, we found a 2.7-fold increase in FKBP5 protein expression in the ipsilateral side when compared with naive ( p Ͻ 0.01; n ϭ 4 in each group) (Fig. 4) 6 h after CFA injection. Protein levels returned to basal levels by 12 h (results not shown). Western blot analysis also revealed a 1.3-fold increase of SGK1 protein expression in the ipsilateral side at 24 h when compared with naive ( p Ͻ 0.05; n ϭ 4 in each group) (Fig. 4) . There was no significant increase in the contralateral side at 24 h (data not shown).
We further characterized the increase in SGK1 protein by immunohistochemistry (Fig. 5) . SGK1 is abundantly expressed in the dorsal horn. We noted the expression of SGK1 in the medial area of the superficial dorsal horn lamina I (Fig. 5A-C) , and in neurons with radially orientated processes in lamina III (Fig.  5 D, E) . Twenty-four hours after CFA injection, we found a sig- 5B) were greater on the ipsilateral side than on the contralateral side (4.6 Ϯ 0.4 and 2 Ϯ 0.3, respectively; p Ͻ 0.001).
Phosphorylation of MeCP2 increases after noxious stimulation
To show that relief of MeCP2 repression was potentially occurring in the dorsal horn, we examined the influence of noxious stimulation on the phosphorylation state of MeCP2. Phosphorylation of MeCP2 has been shown to result in the dissociation of the protein from target gene DNA (Chen et al., 2003; Martinowich et al., 2003) (Fig. 6 A) . One hour after CFA injection in the ankle joint, we were able to detect an increase in P-MeCP2 immunoreactivity in subsets of neurons scattered throughout the ipsilateral dorsal horn (Figs. 6 B1-2, 7) , particularly in lamina I and II. The number of P-MeCP2 neurons was greater on the ipsilateral side than on the contralateral side in lamina III to V (17 Ϯ 3.5 neurons per 0.03 mm 2 vs 9.5 Ϯ 2.4; p Ͻ 0.01) and lamina I/II (11.1 Ϯ 1 neurons per 0.004 mm 2 vs 2.7 Ϯ 0.6, respectively; p Ͻ 0.01). Immunoreactivity was counted in 5-10 sections per animals for three animals. We also found an increase in the number of identified lamina I/II projection neurons immunopositive for P-MeCP2 1 h after peripheral stimulation. On the ipsilateral side, 1 out of 3.7 Fluorogold-labeled neurons was positive for P-MeCP2, whereas only 1 out of 17.2 cells was labeled on the contralateral side (significantly different; p Ͻ 0.001) (Fig.  6 B3-6 ).
Local antisense knock-down of SGK1 delays the onset of pain behavior SGK1 has been implicated previously in learning and memory and synaptic plasticity in the hippocampus (Tsai et al., 2002; Ma et al., 2006) , suggesting that it may play an important role in neuronal plasticity in the dorsal horn. Therefore, the effect of SGK1 local knock-down on pain threshold was investigated using intrathecal antisense perfusion. Animals were continuously perfused with SGK1 antisense RNA, missense RNA, or saline, and withdrawal thresholds were measured using the Randall-Selitto test at various time points (6, 24, 48, and 96 h) after CFA injection in the ankle joint. There was a significant effect of time and treatment over the time period 0 -24 h (F (2,28) ϭ 19.164, p Ͻ 0.001, and F (2,14) ϭ 7.986, p Ͻ 0.01, respectively). Precisely, we found a significant delay in the onset of increased mechanical sensitivity in animals receiving antisense when compared with both saline and missense ( p Ͻ 0.05 and p Ͻ 0.01, respectively; Bonferonni post hoc test for treatment factor) (Fig. 7A) . There was no difference between the saline-and the missense-treated animals. By 48 h, the three groups of animals showed the same pain threshold (n ϭ 5-7 animals per group).
To quantify the efficiency of the protein knock-down, we counted the number of lamina I cells immunopositive for SGK1 in the three groups of animals. Again, there was no difference between the missense-and saline-treated animals, and we pooled the animals for these two treatments into one group. When compared with the antisense-treated animals, there was a significant decrease of 61% in lamina I neurons expressing SGK1 ( p Ͻ 0.001) but not deeper lamina III to V. Hoescht and NeuN staining indicated that both antisense and missense oligos, at the concentration used in this study, did not cause cell damage (data not shown).
Discussion
Inflammation of peripheral tissues causes spontaneous pain and increased mechanical and thermal sensitivity that is generated by peripheral sensitization of nociceptive primary afferents and amplified by dorsal horn neurons, particularly lamina I projection neurons (Nichols et al., 1999; Ikeda et al., 2006) . Using microarray screening of gene expression in dorsal horn neurons as our start point, we characterized the temporal sequence of gene expression that accompanies the development of inflammatory joint pain, identified a putative role for modulation of gene repression by the MeCP2 complex in controlling subsets of specific genes, and more specifically identified a role for SGK1 in the induction of inflammatory pain states.
Temporal changes in gene expression
Many of the changes in gene expression and second messenger pathways and posttranslational modifications of neurotransmitter receptors previously identified in the hippocampus after LTP or learning and memory have also been seen in the dorsal horn after noxious stimulation (Ji et al., 2003) . Previous studies of long-term contextual memory in the hippocampus have identified temporal patterns of gene expression that involve an initial burst of gene regulation 1 h postcontextual training followed by a period of gene repression and a second wave of gene expression 4 -6 h later (Levenson et al., 2004; von Hertzen and Giese, 2005) . Our study has also shown that waves of gene expression follow the initial inflammatory stimulus (CFA injection in the ankle joint) with distinct patterns of gene expression at each of the time points studied but with predominantly gene repression at the latest time point (7 d). These data would suggest that the induction and maintenance of pain states are under the control of different programs of gene expression. This hypothesis is supported by previous findings. For example, in the hippocampus, the rapid induction of the immediateearly gene zif268 was critical for longterm, but not short-term, retrieval of memory and is paralleled by a reduction in long-term LTP but not short-term LTP (Jones et al., 2001) . Similarly, zif268 is rapidly induced in dorsal horn neurons within 30 min of noxious stimulation (Wisden et al., 1990) and has been shown to be important for the maintenance of inflammatory pain states but not for their induction (Rygh et al., 2006 ). An increase in zif268 mRNA expression was not picked up in the current screen, probably because the first time point sampled was 2 h. However, we confirmed the unilateral increase in spinal PDYN seen in monoarthritic rats (Weihe et al., 1989) and in rats inflamed in the hindpaw (Millan et al., 1988; Zhang et al., 2004a,b) in our more restricted model of joint inflammation. Again, previous findings, together with those presented here, suggest that prodynorphin is critical for the maintenance of inflammatory (Millan et al., 1988) and neuropathic pain states (Wang et al., 2001) but not their induction.
SGK1 and plasticity
Although genes such as zif268 and PDYN may be closely related to the maintenance phase of the pain state, SGK1 (identified from the present study) appeared to be related to the induction of the inflammatory pain state. SGK1 is a serine and threonine protein kinase activated by the mitogen-activated protein/extracellular signal-regulated kinase signaling pathway ) and known to activate many downstream molecules, including cAMP response element-binding protein (David and Kalb, 2005) . SGK1 has been implicated previously in learning and memory and synaptic plasticity (Tsai et al., 2002; Ma et al., 2006) . SGK1 is expressed during the consolidation phase of long-term memory (von Hertzen and Giese, 2005) and was shown to facilitate the expression of long-term potentiation in hippocampal neurons . Together, these results suggest that SGK1 may play an important role in neuronal plasticity in the dorsal horn and support our choice of SGK1 as a candidate gene for modulating synaptic plasticity in pain states. In the present study, we MeCP2 binds to promoter regions with methylated CpGs and recruits chromatin-remodeling complexes that contain SIN3A, Brahma (BRM; a SWI/SNF-related chromatin remodeling protein), and histone deacetylases (HDACs). As a consequence, the transcriptional machinery has limited access to the promoter region, and transcription is silenced (Bienvenu and Chelly, 2006) . When MeCP2 is phosphorylated, the repression complex is released from the methylated DNA, and transcription factors can then bind to the promoter region. Transcription is activated. B1-B2, P-MeCP2 immunoreactivity in the superficial dorsal horn 1 h after CFA injection in the ankle joint. B3-B6, Spinal cord sections were double labeled with an antibody against P-MeCP2 (green) and an antibody against Fluorogold (red). Double-labeling resulted in yellow staining. Pictures were taken using confocal microscopy. P-MeCP2 was expressed in subpopulations of lamina I projection neurons. FG, Fluorogold. Yellow arrows indicate double-labeled cells. Scale bars, 40 m. B7, There was a significant increase in P-MeCP2 in the ipsilateral side when compared with the contralateral side, in lamina I/II and lamina III to V. Results were obtained from three animals and 5-10 spinal cord sections from each animal (**p Ͻ 0.01). Data show mean Ϯ SEM.
found that SGK1 is expressed in lamina I projection neurons and that SGK1 protein levels increase in dorsal horn neurons within lamina I after inflammation. The infusion of antisense probes reduced SGK1 expression in lamina I neurons and delayed the onset of pain for at least 24 h. However, induction of the pain state was not prevented and appeared by 48 h after inflammation. This may well be because SGK1 is one of several genes involved in the setting-up of pain states. SGK1 may influence synaptic efficacy through upregulation of postsynaptic density-95 (PSD-95), a scaffolding protein that is enriched in the postsynaptic structure and is upregulated after synaptic activation (Okabe et al., 1999) . It has been shown that constitutively active SGK1, activated at Ser422, can increase PSD-95 protein level in the hippocampus , possibly via translational regulation. Interestingly, antisense knockdown of PSD-95, which we also found expressed in lamina I projections neurons (data not shown), also delayed the development of neuropathic pain in rats (Tao et al., 2001) . In spinal cord neurons, PSD-95 was shown to interact with the NMDA receptor subunits 2A/2B, increasing its availability at the synapse, and such an interaction was required for noxious thermal hyperalgesia triggered via the NMDA receptor at the spinal cord level (Tao et al., 2000) . One could expect that this interaction could also play a role in the induction of a chronic inflammation pain state such as the one studied here.
Another gene singled out in our study, which was also implicated in synaptic plasticity and expressed in lamina 1 projection neurons is FKBP5, a glucocorticoid receptor-regulating cochaperone of hsp-90. In the present study, FKBP5 protein expression increased in the dorsal horn 6 h after inflammation. Recent research has shown that FKBP5 directly regulates glucocorticoid receptor activity (Wochnik et al., 2005; Westberry et al., 2006) and is implicated in the development of opiate dependence (McClung et al., 2005) .
MeCP2 and gene repression
A significant proportion of highly regulated genes in our study, including SGK1, FKBP5, and SULT1A1, have been identified from a microarray analysis of brain from mice with a disruption of the MeCP2 gene, a mutation previously identified as causal in Rett disease and characterized by a progressive developmental restriction of synaptic plasticity (Bienvenu and Chelly, 2006) . MeCP2 is a methyl-CpG binding protein that represses gene transcription of specific genes by binding to methylated DNA at methyl-CpG sites and recruiting inactive chromatin remodeling complexes (Fuks et al., 2003; Nan et al., 1998a,b) . Membrane depolarization can result in the calcium-dependent phosphorylation and release of MeCP2 from the promoter region thereby facilitating transcription (Chen et al., 2003) . In this study, we found that MeCP2 is phosphorylated after peripheral noxious stimulation in dorsal horn neurons, including lamina I projection neurons. We also found that SGK1, FKBP5, and SULT1A1 were present in lamina I projection neurons and were upregulated in the dorsal horn within 24 h of the CFA injection. Binding of MeCP2 in promoter-proximal regions of SGK1 and FKBP5 was demonstrated in the brain using chromatin immunoprecipitation and was shown to repress SGK1 and FKBP5 expression in the mouse (Guy et al., 2001; Nuber et al., 2005) . Because the presence of MeCP2 in a cell does not prevent the expression of either gene, it was suggested that its role was not to silence these genes but to modulate their level of expression, as has been shown to be the case with BDNF (Chen et al., 2003; Martinowich et al., 2003) .
MeCP2 inhibits transcription by recruitment of a corepressor complex containing SIN3A (Martinowich et al., 2003; Suzuki et al., 2003; Klose and Bird, 2004) , and we show here a downregulation of SIN3A mRNA (but not MeCP2 mRNA) during the onset of the inflammatory pain model. Although there is no reported downregulation of SIN3A expression in mouse models of Rett syndrome or Rett syndrome patients, a decrease in SIN3A expression, as seen here, would accentuate a decrease in MeCP2 mediated transcriptional repression. SIN3A is also displaced from the BDNF gene promoter by depolarization (Martinowich et al., 2003) leading to increased gene expression. Another MeCP2 target gene present in our data set was UbE3A. Expression of UbE3A, a gene implicated in autism and Angelman syndrome, is regulated by MeCP2 (Samaco et al., 2005) , and this may explain its increased expression in our data set.
Conclusions
In summary, we provide evidence that, after peripheral inflammation, the gene repressor MeCP2 is phosphorylated in subsets of dorsal horn neurons, specifically lamina I projection neurons, leading to increased expression of a group of genes, including SGK1, FKBP5, and SULT1A1. These three genes have also been shown to be glucocorticoid regulated, suggesting another common level of regulation (Nuber et al., 2005) . Previous research has shown that MeCP2 is important for short-term synaptic plas- ticity and LTP at Schaffer collateral synapses (Moretti et al., 2006) . The evidence presented here strongly suggests that phosphorylation of MeCP2 in dorsal horn neurons by noxious peripheral stimulation may also be important in programming the molecular changes essential for the support of the early phases of central sensitization.
